Neuronal voltage-gated calcium channels provide a pathway for calcium influx that is required for processes ranging from intracellular signaling to alterations in cellular excitability. In hippocampal neurons, we have characterized a subtype of dihydropyridine-sensitive L-type calcium channels (Lp channel) that shows multiple kinds of voltage-dependent potentiation of its activity. One type of potentiation is elicited by low-voltage stimuli (-10 mv) and can be seen in dual-pulse protocols in which a transient hyperpolarization is interposed between conditioning and test pulses. The second type of potentiation is elicited by much higher voltages (+60 mV) and is selectively deactivated at hyperpolarized voltages. We have compared these types of potentiation in the Lp channel, the "standard" L-type channel, and the cardiac L-type channel. Our results show that the high-voltage potentiation is common to all three channel types. The low-voltage form of potentiation, however, is unique to the Lp channel. Thus, the Lp channel shows two kinds of potentiation that differ in their voltage dependence and rate of decay. Therefore, calcium channel plasticity in the hippocampus has a variety of forms distinguished by their stimulus requirements and duration.
Neuronal voltage-gated calcium channels provide a pathway for calcium influx that is required for processes ranging from intracellular signaling to alterations in cellular excitability. In hippocampal neurons, we have characterized a subtype of dihydropyridine-sensitive L-type calcium channels (Lp channel) that shows multiple kinds of voltage-dependent potentiation of its activity. One type of potentiation is elicited by low-voltage stimuli (-10 mv) and can be seen in dual-pulse protocols in which a transient hyperpolarization is interposed between conditioning and test pulses. The second type of potentiation is elicited by much higher voltages (+60 mV) and is selectively deactivated at hyperpolarized voltages. We have compared these types of potentiation in the Lp channel, the "standard" L-type channel, and the cardiac L-type channel. Our results show that the high-voltage potentiation is common to all three channel types. The low-voltage form of potentiation, however, is unique to the Lp channel. Thus, the Lp channel shows two kinds of potentiation that differ in their voltage dependence and rate of decay. Therefore, calcium channel plasticity in the hippocampus has a variety of forms distinguished by their stimulus requirements and duration.
Key words: calcium; calcium channel; hippocampus; potentiation; facilitation; dihydropyridine; plasticity Voltage-gated calcium channels are essential regulators of neuronal activity. By controlling the flow of extracellular calcium into the cytoplasm, these proteins trigger neurotransmitter release (Augustine et al., 1987) alter action potential firing (Bertolino and Llinas, 1992) and induce gene expression (Morgan and Curran, 1986; Murphy et al., 1991; Bading et al., 1993) . As might be expected from this diversity of function, multiple kinds of calcium channels can be distinguished on the basis of pharmacological, structural, and kinetic criteria (for review, see Dunlap et al., 1995) . At present, the most reliable pharmacological tools for calcium channel identification are dihydropyridine (DHP) agonists and antagonists and peptide toxins such as w-conotoxin GVIA, w-agatoxin IVA, and w-conotoxin MVIIC (Plummer et al., 1989; Mintz et al., 1992; Sather et al., 1993; Randall and Tsien, 1995) . DHP-sensitive calcium channels are the most widely distributed, being found in both neuronal and non-neuronal cell types, whereas toxin-sensitive channels are found predominantly in nerve cells (Dunlap et al., 1995) .
Calcium channel activity can be modulated dynamically in various ways. Neurotransmitters, for example, can profoundly decrease the responses of N-and P-type calcium channels to depolarizing voltage pulses (for review, see Dolphin, 1995) . This type of modulation has a powerful impact on neuronal activity and is a fundamental mechanism used by cells to regulate calcium entry (for review, see Anwyl, 1991) . One kind of modulation, however, does not depend on application of external compounds-it is elicited by changes in membrane potential. This type of modulation, described as voltage-dependent potentiation, refers to a transient enhancement of channel activity produced by a "conditioning" depolarization.
It is associated primarily with DHPsensitive calcium channels and has been found in adrenal chromaffin cells (Fenwick et al., 1982; Hoshi and Smith, 1987; Artalejo et al., 1991a) , cardiac myocytes (Pietrobon and Hess, 195X1) , and skeletal muscle (Sculptoreanu et al., 1993b) . In hippocampal neurons, we have observed a type of calcium channel potentiation that is distinct from that found in non-neural tissue (Kavalali and Plummer, 1994) . It can be elicited by relatively low voltages, can survive transient hyperpolarization, and is observed in the presence of DHP agonists. We have suggested that this low-voltage potentiation (LVP) can be attributed to a novel kind of DHP-sensitive calcium channel (Lp channel) that is distinct from the "standard" L-type calcium channel (Ls channel) in hippocampal neurons. The two channel types can be distinguished from one another on the basis of conductance, mean open time, and characteristic gating patterns (Kavalali and Plummer, 1994) .
We show that DHP-sensitive calcium channels in hippocampal neurons display two distinct kinds of calcium channel potentiation, which differ in their voltage dependence and duration. One type is a low-voltage form that is unique to Lp calcium channels. The second is a high-voltage form similar to that observed in cardiac L-type channels which is present in both hippocampal Ls and Lp channels. The presence of two types of neuronal calcium channel potentiation allows for sophisticated activity-dependent modulation of calcium entry. 
MATERIALS AND METHODS

RESULTS
In a previous study (Kavalali and Plummer, lYY4) , we showed that calcium channel reopenings could be observed at a potential of -40 mV after voltage pulses from + 10 to +40 mV. Because this was not attributable to recovery from inactivation, and because DHP-sensitive calcium channels typically do not open at -40 mV, we concluded that the reopenings were caused by a transient change in channel excitability that promoted activity at a potential that was more negative than usual. We have referred to this change in excitability as voltage-dependent potentiation.
In this study, we examined the effects of larger voltage pulses, with magnitudes comparable to those used to elicit calcium channel potentiation in adrenal chromaffin cells (Artalejo et al., 199 la, b) , cardiac myocytes (Pietrobon and Hess, 1990 ) and cloned cardiac L-type channel (Y, subunits expressed in Chinese hamster ovary cells (Sculptoreanu et al., 1993a) . Initially, we used step-pulse protocols (i.e., a two-pulse protocol in which there is no delay between the voltage steps) to study channel activity. Cell-attached single-channel recordings from patches containing Lp channels showed that -20 mV test pulses alone elicited few calcium channel openings (Fig. 1A) . If the test pulses were preceded by conditioning prepulses, however, the number of openings at -20 mV increased dramatically (Fig. l&D) . Moderate prepulses (+40 mV) produced a different effect than large (+ 120 mV) prepulses did. After the +40 mV prepulse, the number of openings during the test pulse increased, but otherwise the openings were similar in amplitude and duration to those observed when -20 mV pulses were studied on their own (Fig. 1B) . After +120 mV prepulses, however, long-duration openings were observed that were never seen in response to the -20 mV pulse on its own (Fig. 1D ). An analysis of open times from several experiments showed that openings at -20 mV had an additional long component of open time when preceded by a + 120 mV prepulse (9.3 msec; Fig. IF ) as compared with a +40 mV prepulse (Fig. 1C) .
For comparison, we also studied patches that contained no Lp channels. In these experiments, we found that prepulses did not evoke additional openings. We did observe transitions that produced long-duration tail currents of the type that have been reported previously for cardiac L-type channels (Pietrobon and Hess, 1990) . The prolonged tail currents were observed at -20 mV after prepulses to +120 mV ( Fig. 1E ) but were not seen when +40 mV prepulses were used (data not shown).
To determine the number of channels in membrane patches, facilitate accurate analysis of data, and ensure reliable identification of DHP-sensitive calcium channels, additional single-channel recordings were made in the presence of 0.1 pm DHP agonist
This concentration prolonged the open times of DHP-sensitive calcium channels but did not occlude voltagedependent potentiation.
In some experiments, we used a higher concentration of agonist (0.5 PM), but the results obtained were identical to those seen with the lower concentration.
Responses of three different kinds of calcium channels were examined: Ls and Lp channels from hippocampal neurons and also the L-type calcium channel from cardiac myocytes (Lc channel). The test pulse was -30 mV and was either used alone or immediately preceded by conditioning prepulses of varying amplitude. Cell-attached single-channel recordings from patches containing either a single Lp, Ls, or Lc channel showed that test pulses to -30 mV elicited essentially no channel activity on their own ( Fig.  U-C , left traces). When these test pulses were preceded by conditioning prepulses, calcium channel activity was potentiated. Step-pulse protocol is used to examine Lp channel potentiation. Only responses to the -20 mV test pulse are shown. Immediately after a +40 mV conditioning prep&e, the -20 mV test pulse now elicits numerous reopenings. C, Open time distributions for Lp channel activity during a 320 msec, -20 mV test pulse immediately preceded by a 160 msec, +40 mV conditioning prepulse (summed data from three recordings). Extracted mean open times: 0.4 and 1.9 msec, The smaller component of open time is probably an overestimate caused by using a 200 psec sampling period to increase the total observation time. D, When preceded by a + 120 mV prepulse, the -20 mV test pulse elicits reopenings, but some of these openings are of a longer duration that those seen when a +40 mV prep&e was used. E, Example sweeps taken from a patch that contained an L..s channel. When preceded by a + 120 mV prepulse, the -20 mV test pulse did not elicit reopenings but caused prolonged tail currents. F, Open time distributions for Lp channel activity during a 320 msec, -20 mV test pulse immediately preceded by a 160 msec, +120 mV conditioning prepulse (summed data from three recordings). Extracted mean open times: 0.4, 3.1, and 9.3 msec. Note that the higher voltage prepulse induced an additional long-duration open time component.
This was revealed by openings during the -30 mV test pulse (Fig. duration (LVP + HVP), giving rise to significantly greater activity 24-C, middle and right traces) that were observed only when the 0%. 20; Po+120 = 0.06 t 0.016 vs Pota = 0.0275 5 0.01; p i test pulse followed a conditioning prepulse. As can be seen in the 0.005; n = 6). In contrast, I-s channel potentiation was composed individual sweeps, two kinds of voltage-dependent potentiation of a single component (HVP) elicited by high voltages (n = 7; Fig. were found. One tyPe was an LVP, because it was induced by 2E, diamonds). Recordings from Lc channels showed results simrelatively moderate prepulses (+lO to +60 mV). This tyPe was ilar to those of hippocampal Ls channels (n = 4; Fig. 2E , triangles). seen only in Lp channels (Fig. 24, middle traces) . A second type An additional difference between LVP and HVP was rewas a high-voltage potentiation (HVP), because significantly vealed by an analysis of Lp channel open times and Ls tailgreater prepulse voltages (greater than +60 mV) were required to current durations during test pulses preceded by either +40 or elicit it. This was seen in Lp, Ls, and Lc channels right + 120 mV prepulses (Fig. 3) . In these recordings, we found that traces).
the high-voltage prepulses produced open time components in We quantified this difference between LVP and HVP by meaLp, Ls, and Lc channels that were significantly larger than those suring opening probability during a test pulse as a function of found with moderate voltage prepulses (overall means: Lp, 9.1 prepulse potential (Fig. 2D,E Figure 3 . Large prep&es increase the relative proportions of long-duration openings and tail currents in Lp, Ls, and Lc channels. A, Open time histograms for Lp channel activity at -30 mV after +20, +40, and +120 mV prepulses, respectively (n = 6 recordings). Open time values were plotted on square root-log coordinates, and mean open times were estimated from maximum likelihood fitting (Sigworth and Sine, 1987 to an increase in the duration of the two longest components for Lp channels and an increased prevalence of long (>50 msec) tail currents for Ls and Lc channels. Thus, like calcium channel potentiation in cardiac myocytes (Pietrobon and Hess, 1990) , HVP consisted largely of prolonged tail currents during the test pulse that had originated from openings in the prepulse. LVP, however, was characterized by additional channel openings during the test pulse and not from prolonged tail currents. It has been reported that cardiac L-type channel potentiation is not seen after transient hyperpolarization (Foley and Pelzer, 1994) . This suggested to us that dual-pulse protocols (similar to the step-pulse protocol except that a voltage pulse to the holding potential is interposed between the conditioning prepulse and the test pulse) could be used to distinguish LVP from HVP. To test this, we examined the responses of Lp, Ls, and Lc channels to + 10 mV voltage pulses alone and also after conditioning prepulses (+40 mV for Lp channel LVP and + 120 mV for Ls/Lc channel HVP). When prepulses were used, they were separated from the test pulse by a 20 msec hyperpolarization to -90 mV. When this protocol was used, recordings from Lp channels showed clear potentiation of activity when the test pulse was preceded by a conditioning prepulse, despite the transient hyperpolarization ( Fig. 44 ; compare left and middle sweeps). This effect was robust and could be seen with test pulses ranging from -40 to +20 mV (Fig. 44, right plot) .
Unlike LVP in Lp channels, HVP in Ls and Lc channels was not observed when dual-pulse protocols were used (Fig. 4B,C) . Channel activity during + 10 mV test pulses was not affected by a + 120 mV prepulse if the prepulse was separated from the test pulse by a 20 msec hyperpolarization to -90 mV (Fig. 4B,C, see sweeps) . This was true for all test pulses examined, ranging from -20 to +30 mV (Fig. 4B,C, right plots) .
When data from several recordings were combined, the effect of the interpulse hyperpolarization was found to be consistent (Fig.  5) . The average open probability of an Lp channel during a +lO mV test pulse was 0.068 t 0.008, whereas the open probability during a test pulse preceded by a prepulse was 0.099 t 0.006, which is a significant increase in activity @ < 0.05; n = 3). For Ls and Lc channels, however, activity measured during the test pulse alone (0.077 t 0.019) was not different from activity measured during a test pulse preceded by a prepulse (0.073 t 0.024; p> 0.9; n = 13).
The dual-pulse experiments above indicate that HVP in Ls and Lc channels is eliminated by transient hyperpolarization and is therefore different from LVP in the Lp channel. They do Test potential (mV) Mi ddl e sweeps show responses to an identical test pulse that has been preceded by 20 msec with a conditioning prepulse to +40 mV. Note that activity during the test pulse was increased in the dual-pulse paradigm compared with the test pulse alone. The r@zt plot shows the effect of a +40 mV prepulse on test pulses to different potentials (0, +). Test pulse open probability is plotted against test pulse potential either preceded by a prepulse (solid line) or alone (dashed line).
All data shown are taken from a single recording; error bars indicate intertrial variability. B, Recording from a patch containing a single Ls channel with format similar to A. Note that the prepulse does not increase activity in a test pulse when a 20 msec interpulse interval at -90 mV is present. This is reflected in the plot of test pul se open probability versus test pulse potential. Test pul se activity alone (dashed line) is not different from activity during a test pulse preceded by a prepulse (solid line). C, Recording from a patch containing two Lc channels with the same format as B. Note that HVP in the Lc channel resembles that of the hippocampal neuron Ls channel. not prove, however, that this same separation can hold true fects of both +40 mV and + 120 mV prepulses on Lp channels within a single-channel type, namely the Lp channel. To deterduring -30 mV test pulses. As before, test pulses alone elicited mine whether LVP and HVP were attributable to independent essentially no Lp channel openings (Fig. 6A, left truces) . Sigprocesses, we again interposed a transient hyperpolarization nificant activity was seen when test pulses were preceded by between the prepulse and test pulse and examined Lp channel prepulses to either +40 or +120 mV (Fig. 6A , middle and right activity. In these experiments, however, we examined the eftraces). Unlike the protocol with no interposed hyperpolariza- (Fig. 7B, inset) . We were more interested in the slower components, however, because these should be attributable to prolonged calcium channel activity caused by potentiation. Accordingly, we quantified tail-current amplitude at a series of time points (5, 10, 15, 30, and 100 msec) after repolarization (Fig. 7B) . The increased activity during the prepulse after the conditioning pulse is statistically significant @ < 0.05; n = 3). The interpulse was -90 mV for 20 msec. B, Combined data for Ls and Lc channels. The activity during the test pulse was not significantly different when preceded by a conditioning prepulse (shaded bar) if the membrane was hyperpolarized between the two pulses (p > 0.9; n = 13). Test pulse, + 10 mV; interpulse, -90 mV for 20 msec.
tion (Fig. 24) , however, the higher prepulse voltage did not evoke the long openings characteristic of HVP but still increased the number of openings indicative of LVP. Thus, the higher prepulse voltage did not significantly increase the potentiation measured by the test pulse (pO+40 = 0.04 -I: 0.006 vs PO +120 = 0.038 ? 0.001; p > 0.7; n = 7). Furthermore, responses to test pulses as a function of a series of prepulse potentials showed a single saturating function (Fig. 6B) , unlike the biphasic one found in the earlier experiments (Fig. 20) . Moreover, there was no difference in the open time distributions of test-pulse activity with +40 or +120 mV prepulses (overall means: 2.89 + 0.11 vs 2.9 '-t-0.10 msec; p > 0.9; Fig.  6C,D) . The magnitude of potentiation decreased with increasing interpulse duration, although comparable results were obtained with interpulse durations up to 150 msec at -90 mV.
To examine the features of LVP and HVP at the macroscopic level, we made a series of whole-cell recordings and evaluated tail currents at -40 mV after prepulses from -30 to +lOO mV. Inspection of individual traces showed that as the prepulse voltage was made larger, the amplitude of the tail current increased and additional slow components were added (Fig. 7A) . Based on our single-channel recordings and the work of others (Swandulla and Armstrong, 1988; Plummer et al., 1991; Regan et al., 1991; Kasai and Neher, 1992; Randall and Tsien, 1995) the rapid component of current represents deactivation of nonpotentiated DHPsensitive channels and non-DHP-sensitive channels (i.e., N, P, Q, and R), which have been found to be similar in a number of preparations. The slow component of the whole-cell tail current is attributable to prolonged activity of potentiated Lp and Ls channels. Because the holding potential was -40 mV, this slow component cannot be attributable to deactivation of T-type channels because they are inactivated at this voltage (Carbone and Lux, 1987) .
We analyzed the whole-cell recordings by measuring the amplitude of the tail current as a function of the test potential (Fig.  7) . To study the rapid component, tail-current amplitude was measured at 500 psec. The resulting curve showed an approximation of a Boltzmann relationship, which was expected because this At 5 and 10 msec after repolarization, the tail currents showed a biphasic increase as the test potential was increased (Fig. 7B,  circles, ttiangles) . Because non-DHP-sensitive currents have decayed almost completely by this time, these measurements no longer represent channel activation but should instead be indicative of potentiated Lp and Ls channel activity. Consistent with our single-channel recordings, we found that the curves were composed of two components, one that was elicited by low voltages and a second that was seen only with high-voltage prepulses. Moreover, the normalized amplitudes of the tail currents elicited by the +lOO mV depolarization were significantly greater than those produced by the +40 mV depolarization (5 msec: n = 16,~ < 0.001; 10 msec: n = 15,~ < O.Ol), again in good agreement with the single-channel data.
When tail-current amplitudes were measured at increasingly longer times after repolarization, the shape of the curve changed, gradually losing much of the high-voltage component (Fig. 7B,  diamonds, stars) . Although the whole-cell recording technique makes identification of channel type less certain, these data suggest that HVP decayed more rapidly than LVP at -40 mV. This interpretation agrees with our single-channel recordings in the absence of DHP agonist, which showed that the duration of potentiated Ls channel activity was much shorter than potentiated Lp channel activity (Fig. 1) . In support of this conclusion, the normalized tail-current amplitudes at these time points in response to +lOO and +40 mV depolarizations were no longer significantly different (15 msec: n = 10,~ > 0.1; 30 msec: n = 10, p > 0.5). These observations also complement the dual-pulse experiments on Lp channels in which the + 120 mV prepulses did not prolong Lp channel open time, although they did increase the number of Lp channel reopenings (Fig. 6 ).
DISCUSSION
In hippocampal neurons, it has been reported that depolarization can induce DHP-sensitive calcium channel reopenings at negative potentials (Fisher et al., 1990; Thibault et al., 1993) , which is voltage-dependent potentiation and not recovery from inactivation (Kavalali and Plummer, 1994) . This potentiation, however, is not uniformly present in L-type channels. Instead, we have shown that there are multiple kinds of DHP-sensitive channels and two distinct types of potentiation that differ in the voltages required to elicit them and in the voltage-dependence of their decay. LVP is found exclusively in Lp channels, whereas HVP is found in both neuronal Lp and Ls channels and is indistinguishable from that seen in rat cardiac L-type channels. These two kinds of potentiation work via distinct mechanisms, because they can be separated from one another in the Lp channel by using dual-pulse protocols with a brief hyperpolarization interposed between the conditioning and test pulses.
In the present study, the DHP agonist (+)-S-202-791 was used to identify Ls and Lp-type calcium channels in single-channel recordings unequivocally. Because this compound is known to alter the voltage-dependence and open probability of responsive calcium channels, we also made whole-cell recordings without agonist to determine the voltage-dependence and magnitude of l Multiple Mechanisms of Ca*+ Channel Potentiation J. Neurosci., February 1, 1996, 76( LVP and HVP under more physiological conditions. As expected, the voltages required to elicit LVP and HVP were -27 mV more negative in whole-cell recordings, a result in accordance with the reduced screening of surface charge by the lower divalent cation concentration. Moreover, the whole-cell recordings also showed that LVP and HVP can cause significant calcium entry after a conditioning depolarization, attributable largely to the increased driving force at the negative resting potentials. The data also suggest that LVP and perhaps HVP could be elicited by strong neuronal activity such as bursts of action potentials, because these voltage changes are well within the range required for initiation of calcium channel potentiation. Although no formal distinctions have been made, calcium channel potentiation is not identical in the cell types in which it has been observed. For example, calcium channel potentiation in cardiac myocytes decays rapidly at negative potentials (Pietrobon and Hess, 1990; Sculptoreanu et al., 1993a) and is abolished by transient hyperpolarization in dual-pulse protocol experiments (Foley and Pelzer, 1994) . This is unlike potentiation in adrenal chromaffin cells, which typically has been studied by interposing a brief hyperpolarization to -80 mV between the conditioning prepulse and the test pulse (Hoshi et al., 1984 , Artalejo et al., 1991a . Moreover, the voltages required to elicit potentiation differ as well. Cardiac L-type channel potentiation requires relatively high voltages (greater than +50 mV), whereas adrenal chromaffin cell potentiation can be elicited by lower voltages.
Calcium channel potentiation in different cell types can also be distinguished pharmacologically. In adrenal chromaffin cells, it is saturated by the addition of the DHP agonist Bay K 8644 (Artalejo et al., 1991a) and can be blocked by the protein kinase inhibitor H-7 (Artalejo et al., 1992) , giving rise to the notion that the mechanism of potentiation involves voltage-dependent phosphorylation. Conversely, potentiation of cardiac L-type channels is not prevented by DHP agonists (Sculptoreanu et al., 1993a) and is insensitive to H-7 (Foley and Pelzer, 1994) , although it can be blocked by specific inhibitors of protein kinase A (Sculptoreanu et al., 1993a) .
At present, we can only speculate about the processes that give rise to the two kinds of potentiation. We currently hypothesize that Lp and Ls channel activities are attributable to entirely different molecular complexes. One possibility is that LVP and HVP represent electrophysiological phenotypes of qc and olD subunits, because they are both present in hippocampal neurons (Hell et al., 1993a) . A second possibility is that the two channel types share the same a! subunit but show distinctive properties because of characteristic interactions with specific p subunits. There is now considerable evidence that /3 subunits play a crucial role in the determination of calcium channel properties (Neely et al., 1993; De Waard et al., 1994; Berrow et al., 1995; Perez-Garcia et al., 1995) , and there is some indication that a form of potentiation depends critically on their presence (Bourinet et al., 1994 B, Plot of tail-current amplitude versus prepulse potential at several time points after repolarization. Each point represents measurements from IO-16 recordings -t SEM. Values are normalized for each experiment to the maximum tail current measured at the 5 msec time point (typically from the test voltage to +lOO mV). Data points for each series are fit with the sum of a Boltzmann distribution and an exponential (same formula as i n Fig.  2 ). Although it would presumably be more appropriate, the sum of two Boltzmann distributions was not used because a maximum value for the second distribution could not be obtained. As the time after repolarization increased, the exponential component decreased until it was no longer a signilicant part of the function. Inset shows measurement of activation of all components of whole-cell calcium current (tail-current amplitude at 500 psec after repolarization). Values are normalized to the maximum current measured at 500 psec (typically from the test voltage to +lOO mV).
Furthermore, the regulation of (Y and p subunits by phosphorylation could be involved (Hell et al., 1993b ) (for review, see Isom et al., 1994) .
Voltage-dependent enhancement of calcium channel activity has been reported in various cell types and for several kinds of calcium channels. In most cases, this enhancement of activity has been limited to DHP-sensitive channels, although a voltagedependent relief of tonic G-protein-dependent inhibition has been reported for N-type calcium channels (Elmslie et al., 1990; Ikeda, 1991; Kasai, 1991) . This kind of activity, however, is very different from the enhancement of DHP-sensitive calcium channel activity, which does not seem to be a modulation of inhibition.
In cerebellar granule cells, Forti and Pietrobon (1993) have reported a kind of calcium channel gating ("anomalous gating"), distinct from LVP and HVP, that is characterized by reduced activity during depolarizing voltage pulses followed by increased activity during repolarization to a negative holding potential. The increased activity during repolarization also involves a shift from brief openings to prolonged openings and is not attributable to recovery from inactivation (but see Slesinger and Lansman, 1991) . These features readily distinguish the anomalous gating channel in cerebellar granule neurons from the Lp channel in hippocampal neurons and suggest that the kinds of voltage-dependent potentiation found in neurons may be cell type-specific. Much of what is known about potentiation of DHP-sensitive calcium channels comes from work on adrenal chromaffin cells. Early studies by Fenwick et al. (1982) and Hoshi et al. (1984) showed that chromaffin cell calcium current could be enhanced by conditioning prepulses. At the single-channel level, this has been shown to be the result of a prolongation of channel open time (Hoshi and Smith, 1987) . Artalejo et al. (1991b) suggested this activity was attributable to a novel kind of DHP-sensitive "facilitation" channel in which potentiation requires voltage-dependent phosphorylation by an unidentified protein kinase (Artalejo et al., 1992) . A similar voltage-dependent mechanism of potentiation has been seen in skeletal muscle and cardiac (Y, subunits (Sculptoreanu et al., 1993a,b; Johnson et al., 1994) . Facilitation of smooth muscle al-subunit calcium channels, however, has been shown to be independent of phosphorylation (Kleppisch et al., 1994) . Our preliminary work with protein kinase inhibitors has shown HVP and LVP to be resistant to compounds such as H-7 and H-89. Thus, it may be that these forms of potentiation also do not require phosphorylation.
There are numerous functional implications of calcium channel potentiation, including increased catecholamine secretion from the adrenal gland during stress (Artalejo et al., 1991a) and enhanced muscle contractility after trains of action potentials (Noble and Shimoni, 1981; Lee, 1987; Zygmunt and Maylie, 1990) . In neurons, DHP-sensitive calcium channel activity has been associated with increases in synaptic strength (Johnston et al., 1992;  
